Basalt fiber has arisen new perspectives due to the potential low cost and excellent mechanical performance, together with the use of environmental friendly coir can be beneficial to the development of sustainable construction. In this study, a new composite structure called basalt fiber reinforced polymer (BFRP) tube encased coconut fiber reinforced concrete (CFRC) is developed. e 28-day compression strength of the plain concrete is about 15 MPa, which represents the low-strength poor-quality concrete widely existing in many old buildings and developing countries. ree types of BFRP tubes, i.e., 2-layer, 4-layer, and 6-layer, with the inner diameter of 100 mm and a length of 520 mm, were prepared. e plain concrete (PC) and CFRC were poured and cured in these tubes to fabricated BFRP tube confined long cylindrical beams. ree PC cylindrical beams and 3 CFRC cylindrical beams were prepared to be the control group. e four-point bending tests of these specimens were carried out to investigate the enhancement due to the BFRP tube and coir reinforcement. e load-carrying capacity, force-displacement relationship, failure mode, and the cracking moment were analyzed. Results show that both BFRP tube confined plain concrete (PC) and BFRP tube confined CFRC have excellent flexural strength and ductility, and the inclusion of the coir can further enhance the ductility of the concrete.
Introduction
In the last years, an increasing interest in environmental issues has promoted the employment of natural fibers in polymer reinforcing. Natural vegetable fibers such as flax fiber, bamboo fiber, abaca fiber, sisal fiber, coir, and cotton fiber are most popularly studied [1] [2] [3] . Considering the economy, mechanical properties, and sustainability, coir has gained popularity among the most natural vegetable fibers. Every year, a large amount of coir shell garbage is generated around the world. Coir is an agricultural waste product obtained in the processing of coir oil. Adding a certain amount of coir into concrete can improve the performance of the concrete and make full use of many agricultural waste products [4] . Many studies have shown that coir has a positive effect on increasing the compressive strength, flexural strength, shear strength, dynamic properties, and ductility of concrete [5] [6] [7] . However, the properties of the coconut fiber reinforced concrete (CFRC) are significantly influenced by the length and content of coir. Research studies [6] reveal that CFRC with 50 mm long fibers and less than 5% fiber content has an obvious improvement on the concrete properties.
Adding natural fibers into concrete is one of the ways to improve the performance of concrete. Fiber reinforced polymer confined concrete is another efficient way. In 1982, Park et al. proposed that the strength of traditional reinforced concrete must be strengthened in addition to the consideration of earthquake action [8] . At the same time, Macdonald and Calder had begun to use steel tube to confine concrete, and after that, more and more researchers began to study confined concrete [9] [10] [11] [12] [13] [14] . From the perspective of sustainable development, fiber reinforced polymer (FRP), such as glass fiber, carbon fiber, flax fiber, and basalt fiber, has become the major research direction.
e research studies show that this kind of confined concrete has the characteristics of high strength, high stiffness, good ductility, and strong stability. Based on this, a new type of structure, FRP tube confined fiber reinforced concrete, has been proposed. Yan and Chouw had studied flax fiber-confined coir concrete (FFRP-CFRC) and found that the new structure has the advantages of two different fiber materials and can significantly improve the concrete performance [15, 16] . Chen and Chouw studied the flexural properties of the flax fiber double-tube confined coir reinforced concrete (DFFRP-CFRC), and their research revealed that the flexural stiffness, cracking strength, and the ultimate load-bearing capacity of DFFRP-CFRC beam could be improved due to an additional longitudinal reinforcement provided by the inner FFRP tube [17] .
Recently, basalt fiber gains popularity in the field of the construction engineering. Compared with glass fiber reinforced polymer (GFRP) and carbon fiber reinforced polymer (CFRP), basalt fiber has superior characteristics such as high strength to weight ratio, excellent ductility and durability, high thermal resistance, good corrosion resistance, and costeffective [18, 19] . Wu et al. studied the seismic behavior of concrete columns strengthened by basalt fiber reinforced polymer (BFRP) and coir reinforced concrete (CFRP), and they found that the reinforcement of BFRP can significantly improve the seismic performance of the concrete circular columns [20] . Considering the mechanical properties and cost-effectiveness, basalt fiber is a good alternative to carbon fiber and glass fiber in the future [21] .
In this study, 9 BFRP tubes confined PC cylindrical beams, 9 BFRP tubes confined CFRC cylindrical beams, and 3 PC and 3 CFRC cylindrical beams as the control group were prepared. e four-point bending tests of these specimens were carried out to investigate the enhancement due to the BFRP tube and coir reinforcement. Results show that both BFRP tube confined PC and BFRP tube confined CFRC have excellent flexural strength and ductility. e inclusion of the coir can further enhance the ductility of the concrete.
Experiments

Test Specimens and Materials.
Commercial bidirectional woven basalt fabric (300 g/m 2 ) was used for this study. e fabric has a plain woven structure with a count of 5.5 threads/cm in both warp and weft directions. e epoxy resin and hardener used in this experiment were RIM035C and RIMH037 provided by Hoxion. e mix ratio is 100 : 18 for the epoxy resin and hardener. BFRP tubes were wrapped around an acrylic tube mould using a hand lay-up process.
e outside diameter of the mould is 100 mm. After 24 hours curing in room temperature, the tubes were demoulded and were put into an oven for 8 hours with a constant temperature of 80°C to increase the hardening. e tubes contain two-layer, four-layer, and six-layer arrangements, with each layer arrangement built six tubes. Figure 1 gives the BFRP tubes waiting for concrete pouring. Nine coupons were fabricated and cured in the same condition with the BFRP tubes, and the coupons were tested on a universal testing machine according to ASTM D3039 [22] . e mechanical properties of basalt fiber composites are listed in Table 1 . Figure 2 shows the stress-strain relationship of BFRP coupons of 2-layer, 4-layer, and 6-layer. e modulus of the BFRP is between 13.0 and 15.0 GPa. Coir mechanical properties can be found in the study by Yan [23] .
e coconut fiber was supplied by a factory, which they collected directly from the farmers. Before we add the messy fiber into the concrete, it was cut to lengths between 30 and 70 mm, and the mean value is about 50 mm. is is reasonable in practical use. e coconut fiber content was 1% of the cement mass. Two batches of concrete without and with coir were prepared. Both batches were designed as PC with a 28-day compression strength of 15 MPa to represent the low-strength concrete. In the second batch, coconut fiber was added. e concrete mix ratio [24] by mass was 1 : 0.58 : 3.72 : 2.37 : 0.00245 for cement: water: gravel: sand: water reducer, respectively. e cement used was 32.5 normal Portland cement. e gravel has a maximum size of 25 mm.
e natural sand was used as fine aggregate with a fineness modulus of 2.75. All the specimens have an inner diameter of 100 mm and a length of 520 mm. e matrix of the specimens prepared for this study consists of 24 cylindrical specimens and is given in Table 2 . To facilitate the pouring and curing of the concrete, the BFRP tubes were fixed on a wooden base by a hot melt adhesive.
Instrumentation and Test Setup.
To carry out the fourpoint bending test [25] , three strain gauges were mounted in the middle of the specimen aligned along the axial direction and three strain gauges were mounted perpendicularly to the former three strain gauges, i.e., aligned along the hoop direction. One linear variable displacement transducer (LVDT) was placed below the middle of the specimen to measure the deflection of the specimen, and two LVDTs were placed between the loading steel plates. e layout of the four-point bending test is shown in Figure 3 . e test data of the load cell, strain gauges, and LVDTs were taken using a data acquisition system and were stored in a computer. 
Results and Discussions
Load-Displacement Relationship.
e peak load and maximum deflection of the long cylindrical specimens are summarized in Table 3 . e load-displacement curves for BFRP-PC and BFRP-CFRC are provided in Figure 4 . From Figure 4 , it is clear to see that the load-carrying capacity and deformation capacity of the BFRP tube confined concrete significantly improved compared to the unconfined concrete specimens. e load-carrying capacity of the 2-layer, 4-layer, and 6-layer BFRP tube confined PC cylindrical specimens increased about 538.63%, 1082.39%, and 1572.15% comparing to the PC specimens, respectively. e corresponding deformation capacity increased about 949.51%, 1106.33%, and 1277.30% comparing to the PC specimens. For the BFRP confined CFRC specimens, the load-carrying capacity for 2-layer, 4-layer, and 6-layer tubes increased about 739.42%, 1481.54%, and 2148.90% comparing to the CFRC specimens, respectively. e corresponding deformation capacity increased about 875.17%, 1117.69%, and 1293.54% comparing to the CFRC specimens. e stiffness of the specimen has been significantly improved due to the confinement of the BFRP tube.
e load-carrying capacity and the deformation capacity increase with the thickness of the BFRP tube, the loadcarrying capacity and deformation capacity of the 4-layer BFRP tube confined PC beam increased about 100.98% and 16.53% comparing to the 2-layer BFRP tube confined PC, respectively, and the load-carrying capacity and deformation capacity of the 6-layer BFRP tube confined PC beam increased about 45.25% (from 47.03 kN to 68.31 kN) and 15.46% (from 28.27 mm to 32.64 mm) comparing to the 4-layer BFRP tube confined PC, respectively. For the BFRP tube confined CFRC beams, the increases of loadcarrying capacity and deformation capacity between 4-layer and 2-layer specimens are 100.33% and 24.87%, respectively.
e increases of load-carrying capacity and deformation capacity between 6-layer and 4-layer specimens are 45.05% and 16.79%, respectively. It was found that there was a slight enhancement comparing BFRP-CFRC to BFRP-PC. From Table 3 , it is also shown that the inclusion of coir will slightly increase the load-carrying capacity and can significantly increase the deformation capacity.
It should be noted that the force-displacement curves were not smooth, several sudden drops were experienced during the loading process; the reason is that the slippage between the concrete core and BFRP tube happened 
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constantly. e BFRP tube confined PC beams undergo a brittle failure after the peak load, while the BFRP tube confined CFRC beams show excellent deformation capacity even exceeding the peak load; this is mainly due to the bridging effect of the coir in concrete.
Failure Modes.
e failure modes of BFRP tube confined PC and CFRC specimens and the PC and CFRC cores after the tests are shown in Figure 5 . For the PC specimens without BFRP tube confinement, a sudden fracture was observed after the peak load for all specimens, and the loadcarrying capacity and deformation capacity are extremely small, which cannot be used without reinforcement. For the CFRC specimens, the coir enhanced the deformation capacity due to the bridging effect, but there is little loadcarrying capacity enhancement. All the BFRP tube confined PC and CFRC specimens failed due to the sudden fracture of the BFRP tubes. At the beginning of the bending test, the load decreased because of the cracking of the core beam. At the same time, the confinement of the BFRP tube is activated. From the bending tests carried out in this study, there are three types of failure modes. One is the bending failure at the constant moment region such as 2-layer and 4-layer BFRP tube confined PC and CFRC in Figures 5(a)-5(d) . is failure mode is due to the tensile fracture of the BFRP. It experienced excellent load-carrying and deformation performance.
e second failure mode is the bend-shear combination failure at the bend-shear region like the specimen 6L-BFRP-PC in Figure 5 (e). e BFRP tube was torn gradually during the loading process. e reason for this failure mode is the compression strength of the core concrete is very low, and the BFRP tube significantly enhanced the ultimate bending moment; however, the shear capacity has a little increase; therefore, this failure mode is controlled by the shear capacity of the specimen. e third failure mode is due to the local compression failure of the concrete at the supporting points like the specimen 6L-BFRP-CFRC in Figure 5 (f ). is failure mode is somehow similar to the second failure mode, the reason is that the BFRP tube increased the ultimate bending moment; however, the BFRP tube was cut off by the small cylindrical supports and followed by the crush of the low-strength concrete at the supporting points. From the failure modes of the 2-layer, 4-layer, and 6-layer BFRP tubes confined PC and CFRC beams, it can be inferred that there is a balance among these failure modes that the specimen has identical bend-carrying capacity and shear-carrying capacity. All the parameters connected with the bend-carrying capacity and shear capacity will influence the failure mode of the beams, such as the thickness of the BFRP tube, the strength of the core concrete, the shear span of the beam, and the types of the supporting. e inclusion of coir has little influence on the failure mode of the BFRP tube confined concrete except a little larger load-carrying capacity and deformation capacity. From Figures 5(g) and 5(h) , it is shown that the core of BFRP tube confined PC beam was fractured into three parts at the end of the bending test.
e locations of the fracture occurred near the two loading points, and an apparent wide crack went through the midpoint. e failure mode of the CFRC core was similar to that of the PC core, but there are still some connections between the nearby two parts of concrete by the coir.
Cracking Moment.
As mentioned in the previous section, the load-displacement curves of the BFRP tube confined PC and CFRC beams have a decrease at the beginning of the test. is phenomenon is due to the cracking of the concrete core. Assuming that the BFRP tube and the concrete core are elastic, the cracking moment of BFRP-PC and BFRP-CFRC can be predicted according to the following equation:
where f r is the cracking strength of the concrete, I g is the moment of inertia of the gross section, and y t is the distance from the gravity center of the beam to the extreme tension fiber. e cross-sectional moment of inertia I g can be calculated using the following equation [26] :
(g) (h) 
where c is the ratio of the modulus of elasticity of the BFRP tube to the modulus of elasticity of the concrete c � (E tube /E core ), Young's modulus of concrete [27] can be determined using E core � 5000 ��� f co ′ , and Young's modulus of the BFRP tube E tube is given in Table 1 . D is the inner diameter of the tube and t is the thickness of the tube.
e cracking strength of concrete according to ACI Building Code 318-08 is
where k � 0.6 in ACI Building Code 318-08 [28] , and k � 0.4 and 1.0 in the Canadian Highway Bridge Design Code CSA CAN/CSA S6-06 Bridge code [27] by Fam and Rizkalla [26] , respectively. e cracking moment measured by the test and the predicted cracking moment using the formulas are listed in Table 4 ; Ratio is the ratio of the experimental cracking moment to the predicted cracking moment. Yan and Chouw [29] had studied the cracking moment of flax fiber reinforced polymer tube confined concrete and coir reinforced concrete (FFRP-PC and FFRP-CFRC), their research revealed that the experimental cracking moment of FFRP-PC and FFRP-CFRC was larger than the conventional steel reinforced concrete beams but were smaller than the prediction proposed by Fam [30] , similar conclusions can be obtained from Table 4 , and the cracking moments of both BFRP-PC and BFRP-CFRC are much larger than that of the conventional steel reinforced concrete beams. However, it should be noticed that the experimental cracking moments of BFRP-PC and BFRP-CFRC were larger than the GFRP tube confined concrete considered by Fam [30] . e main reason is due to the differences in Young's modulus of FFRP, GFRP, and BFRP composites, in which Young's modulus of FFRP composites [31] is the smallest and BFRP is the highest.
Conclusions
e flexural behavior of BFRP tube confined CFRC beams were studied by the four-point bending test in this paper. Based on the test results of the force-displacement relationship, failure modes, and cracking moments, the following conclusions can be derived:
(1) BFRP tube can significantly improve the loadcarrying capacity and deformation capacity of the composite beams. (2) e inclusion of coir can slightly enhance the loadcarrying capacity and significantly increase the deformation capacity of the beams. 
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